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SUMMARY

The DOE Spent Nuclear Fuel Working Group (SNFWGQG)’s report on technical considerations and challenges for
extended dry storage of aluminum-clad spent nuclear fuel (ASNF) entitled, Aluminum-Clad Spent Nuclear Fuel:
Technical Consideration and Challenges for Extended (>50 Years) Dry Storage, DOE/ID RPT-1575, June 2017
identified five knowledge gaps and technical data needs. This DOE SNFWG report also made several
recommendations including one to develop an action plan to identify needed technical and engineering activities
and analyses to address the identified knowledge gaps and technical data needs. A team composed of twenty SNF
management experts and appropriate subject matter experts from the Idaho National Laboratory and Savannah
River National Laboratory was assembled to develop this action plan. The action plan identifies and recommends
six technical and engineering tasks and estimated cost and schedule for task completion. It is estimated that $5M
and 18 months will be required to execute the recommended tasks.
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Aluminum Clad Spent Nuclear Fuel Long Term Dry Storage
Technical Issues Action Plan - Technical and Engineering
Activities
1. BACKGROUND AND INTRODUCTION

This report (hereafter referred to as “the action plan”) describes potential technical, engineering, modeling
activities and analyses that address previously-identified knowledge gaps and technical data needs presented in
the DOE Spent Nuclear Fuel Working Group (SNFWG)’s report on technical considerations and challenges for
extended dry storage of aluminum-clad spent nuclear fuel (ASNF) entitled, Aluminum-Clad Spent Nuclear Fuel:
Technical Consideration and Challenges for Extended (>50 Years) Dry Storage, DOE/ID RPT-1575, June 2017.
This action plan addresses the SNFWG report recommendation to develop an action plan. The SNFWG report
identified five data/knowledge gaps that need to be addressed to help inform decision-makers on the
environmental, safety, and long-term programmatic risks associated with a management strategy for aluminum-
clad SNF in extended (i.e., greater than 50 years) dry storage. These knowledge gaps and technical data needs are:

1. Behavior/chemistry of oxyhydroxide layers for the range of ASNF fuel designs and dry storage configurations
2. Resolution of radiolytic gas generation data for ASNF oxyhydroxide layers

3. Combined effect of episodic breathing and radiolytic generation of potentially corrosive gases in sealed and
vented systems

4. Performance of research test reactor (RTR) ASNF in existing dry storage systems

5. Effects of high-temperature (i.e., greater than 100°C) drying on the chemistry and behavior of oxyhydroxide
layers.

Fundamentally, these knowledge gaps were identified as potential issues requiring evaluation to ensure safe and
compliant extended dry storage of ASNF sealed and inert or vented dry storage configurations. Key safety
criteria that must be met in any storage configuration are radiologic shielding, material confinement, sub-
criticality, and retrievability, which lead to specific concerns based on storage configuration as illustrated in
Figure 1.

Wet e Concern(s): Retrievability
Storage * Structural integrity

Vented Dry ¢ Concern(s): Retrievability
e Structural integrity

Storage

* Concern(s): Canister degradation caused
Sealed Dry by ASNF interaction effects

Storage e Gas generation / pressurization
¢ Internal corrosion

Figure 1. Diagram of ASNF concerns for different storage configurations



DOE-ID/RPT-1575 report recommends taking several actions one of which is directed at addressing the knowledge
gaps and technical data needs. Specifically it recommends developing an action plan to identify and execute needed
technical and engineering activities that address identified knowledge gaps and technical data needs. This action
plan is in direct response to this DOE recommended action. Because of the nature of the identified knowledge gaps
and data needs a team of SNF management and respective subject experts was assembled to develop this action
plan. The twenty person team was composed of subject matter experts from the Idaho National Laboratory (INL),
Savannah River National Laboratory, and Fluor Idaho. Leads from each institution were identified for each of the
five need areas and charged with developing a problem statement, research questions, proposed research scope,
identification of interface needs with other identified need areas and expected research outcomes. Two of the
primary assumptions the sub-teams worked to are; research activities need to be completed in 18 months from
initiation, and $5M would be available to support the research activities. Activity to develop this action plan was
initiated on Sept 4, 2017. A one-day group meeting was held at the INL on October 10, 2017 and all other sub-team
interaction took place via teleconference and email exchanges. Appendix A contains materials generated in support
of the October 10, 2017 meeting.

The improved understanding of ASNF behavior gained by performing the tasks proposed in this action plan is
critical to defend safe, extended storage in current and future configurations as well as to provide information for
future transportation, conditioning, and disposal of the fuel. This plan provides a high-level overview of each
proposed task, how the tasks are interrelated, and recommends steps necessary to move forward with filling the
identified knowledge gaps (i.e., actions to resolve needs).

2. PROPOSED TASKS AND ACTIVITIES

Each task is based on addressing the knowledge and data gaps identified in the SNFWG report on challenges with
extended ASNF storage. As the identified knowledge gaps and technical data needs are interdependent, the
proposed tasks are also interdependent.

21 Task 1: Oxyhydroxide Layer Behavior and Chemistry

The first step in understanding how ASNF will perform over extended storage periods is to understand the
behavior of oxide/oxyhydroxide films that are created during in-reactor operations and out-of-reactor storage.
This film formation is dependent on numerous conditions including temperatures, irradiation history, heat flux,
and water quality (see Figure 2). This task will seek to answer several questions; are there mechanisms which
could alter the aluminum oxide/oxyhydroxide layers during extended storage, and under what conditions do these
layers decompose to release species that can lead to canister integrity issues? This task will characterize
thicknesses and growth rates of oxide layers based on fuel history, characterize and test material properties for the
oxides prevalent on ASNF, and assess both corrosion and radiolysis reactions in different oxide layers.

Figure 2. ASNF assembly after irradiation and storage in poor quality water illustrating the oxide layers that can build



The identified sub-tasks to fill this knowledge gap are: (1) determine alloys and conditions of interest, (2) grow
oxides on aluminum alloys, (3) determine oxide film reactions and gas generation, (4) measure the mechanical
properties of different oxide films, and (5) examine the mechanisms for accelerated degradation of oxide films as
function of varying environmental conditions. Thermodynamic and kinetic modeling will be performed to predict
oxide layers as a function of temperature, pH, and neutronics history. It is anticipated the results of this task will
help: (1) predict gas generation due to corrosion and thermal decomposition, (2) understand behavior of
oxide/oxyhydroxide layers under conditions representative of wet and dry storage, (3) provide defensible
bounding thickness and growth rate of oxide layer, and (4) provide representative test materials.

2.2 Task 2: Oxide Layer Radiolytic Gas Generation Resolution

While Task 1 will provide information regarding the amount of gas generated due to thermal effects on or
corrosion of oxide/oxyhydroxide layer, this task is focused on radiolysis of the oxide/oxyhydroxide layer and
gaseous sources present within the storage canister. The resultant production of radiolytic gases may lead to
canister degradation or integrity concerns. Task 2 will provide a comprehensive radiolysis “blueprint” of all
system components (aluminum cladding, oxide layers, and stainless steel canisters, in-canister gaseous
environment) to accurately represent in-canister conditions. Specifically, this task will answer the following
questions: what important gases are produced inside sealed and vented ASNF canisters, what are the rates of
radiolytic gas generation, what are the radiolytic degradation mechanisms, and can the in-canister conditions be
predicted and forecasted based on these mechanisms (see Figure 3)?

- l

Figure 3. Corrosion site near the oxide layer in aluminum 6061

The identified sub-tasks to fill this knowledge gap are: (1) perform comprehensive literature review, (2) develop
experimental test condition matrix based on temperature, in-canister atmosphere, and oxide thicknesses, (3)
develop a reliable method for atmosphere control and measurement of gas phase composition changes, (4)
perform gamma irradiation of samples and measure gas generation, (5) and develop predictive multi-scale kinetic
tool to provide in-canister radiation chemistry.

2.3 Task 3: Sealed and Vented System Episodic Breathing and Gas
Generation Prediction

Task 3 attempts to comprehensively model the combined effects of episodic breathing (in the vented canisters)
with the radiolytic gas generation on the aluminum clad, oxide layers, canister, and other system components.
Diffusional and convective exchanges of reactive gaseous species and heat inside the canister with ambient air
induced by episodic breathing in vented, unsealed storage system will shift the chemical equilibrium conditions
inside the canister and affect the amount of radiolytic production of corrosive gases. Development of a



comprehensive understanding of the coupled effects of episodic breathing and long-term spatial-temporal
evolution of radiolysis-generated corrosive gases inside the canister on the degradation pathways of all structural
components (e.g., Al cladding, oxyhydroxide layers, and fuel bucket) is critical to accurately understand potential
extended storage implications. This task will answer the following questions: what are the temperature fields
inside and outside of the ASNF canisters at different times, what are the concentration fields of radiolysis-
generated corrosive gasses during extended storage, what are the water vapor concentration fields during extended
storage, how do the structural materials and fuel elements age over extended storage?

Fuel Scale Canister Scale Facility Scale
Apply 1D solution at Air flow Species mass flux at canister lid
j channel ends $mmmmm) Species mass fluxes at lid in > X
I ' Air flow
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Figure 4. Proposed multiscale, multiphysics modeling approach to accurately predict system behavior as a result of episodic breathing and
radiolytic gas generation

The identified sub-task to fill this knowledge gap are: (1) Determine appropriate storage system conditions, (2)
develop gas phase models, (3) incorporate data from oxide layer experiments, (4) develop vented canister model,
(5) demonstrate model’s predictive capability.

This task is focused on the vented storage configuration currently utilized at the Idaho National Laboratory.
However, the modeling approach and models (e.g. canister model) developed can subsequently be adopted to
model sealed and inert storage configurations.

24 Task 4: Performance of ASNF in Dry Storage

Task 4 will physically inspect ASNF, with priority focus on ATR fuel, in dry storage to establish how the ASNF
is performing over the storage lifetime. At a minimum visual inspection must be performed to validate concerns
about expected corrosion and radiolytic phenomena and to assure that storage conditions have not introduced
new, unexpected behavior. In addition to visual inspection, there are additional inspection options including:
instrumenting a vented canister to measure humidity, temperature, and other characteristics of interest, scraping
an oxide sample for chemical and phase analysis, and more-intensive non-destructive examination and destructive
examination of the ASNF. ASNF has been identified at SRS that will be used for validating surrogate sample
preparation will provide additional data for this task. Example ASNF plate fuel and dry storage systems are
shown in 5. Collaboration with INL ATR programs on ATR fuel element post irradiation examination (PIE) is
under discussion but pending decision.



Figure 5. Examples of potential candidates for visual and material inspection

The identified potential sub-tasks to fill this knowledge gap are: (1) determine appropriate ASNF candidates
available in dry storage, (2) develop (or confirm) a process to access and visually inspect selected ASNF, (3)
visually inspect ASNF, (4) develop (or confirm) a process to “scrape” the oxide layers of the selected ASNF, and
(5) analyze scraped sample for material characteristics and oxide phase composition.

2.5 Task 5: Oxide Layer Response to Drying

Task 5 will analyze the effects of drying ASNF on the development and composition of oxide layers. The
underlying goal is to understand how effectively different drying procedures (e.g., temperature, vacuum, forced
helium) remove the chemically bound water in some of the oxide layers as well as impact the
formation/transformation of those layers. This task will analyze a wide range of oxide films and aluminum alloys
to ensure a broad understanding base is developed.

The identified sub-tasks to fill this knowledge gap are: (1) identify or develop representative aluminum materials
for testing, (2) evaluate small-scale dehydration of oxide films, (3) develop a mock-up of ASNF design(s) for a
range of films and layered structures, and (4) test scaled-up drying using forced gas dehydration technology
and/or throttled heated gas vacuum drying technology.

2.6 Surrogate Sample Preparation and Validation

Investigation of knowledge gaps and technical data needs will require use of laboratory grown surrogate
materials. Validating that surrogate materials accurately represent ASNF oxyhydroxide layer composition (e.g.,
gibbsite, bayerite, and boehmite) is critical to ensure results of proposed investigations are representative of actual
ASNF. The DOE inventory of ASNF is composed of different ASNF designs fabricated primarily from three
different aluminum alloys (1100, 5052, and 6061), with the predominant alloy type being 6061. Alloy type 6061
is used in fabricating fuel for the Advanced Test Reactor and the High Flux Irradiation Reactor. Under reactor
conditions the cladding is exposed to an extreme environment: high temperatures, immersion in chemically
treated moderators and coolants, and an intense multi-component radiation field (alpha particles, beta particles,
gamma and X-rays, neutrons, and fission fragments), all ultimately leading to various forms of corrosion (e.g.
pitting, crevice, galvanic, and intergranular). These in-reactor conditions coupled with varying water quality
associated with out-of-reactor water storage influence fuel surface conditions and oxide/oxyhydroxide
composition and growth. This combination of factors may result in varying oxide/oxyhydroxide layer
composition depending upon ASNF fuel type, reactor history, and wet storage conditions. Because of this,
development and validation of surrogate materials will be undertaken in sample preparation and validation task
but these materials will be used in multiple tasks. This task will include characterization of oxide/oxyhydroxide
layers on actual SRS SNF materials and preparation of representative surrogate materials for use in other tasks.



2.7 Task Interfaces and Coordination/Integration

This list of tasks is expected to work together to answer the identified knowledge and data gaps. Figure 6
illustrates at a high-level the information exchanges that will take place between the different tasks. Tasks will be
executed by a team composed of INL, SRNL, and Fluor Idaho staff at multiple facilities located at INL and
SRNL. Additionally, as shown in Figure 6 data and information sharing across tasks will be required. Task
coordination and integration will be required to ensure success.

Oxide Stability Gas composition
. Oxide composition
Oxide water transfer
Validation

Task 5: Nelisation Task 4: Validation Task 2:
Drying — Inspection - Radiolysis

’ \ Validation
Environment Gas composition

Task 3:

Coupled

System

H,0 concentrations

Environment

Figure 6. Illustration of information exchange between tasks

This diagram illustrates the interconnection between the different tasks as well as illustrates the importance of
each task in the broader action plan.

3. SUMMARY AND RECOMMENDATIONS

The approach taken to develop an action plan in response to recommendations made in DOE-ID/RPT-1575 by
developing a team of subject matter experts from INL, SRNL, and Fluor Idaho has resulted in identification of
specific technical and engineering studies designed to address the five knowledge gaps and technical need areas
identified in the DOE report. The recommended technical and engineering studies can be completed within 18
months for approximately $5M. Table 1 provides a breakdown of the specific tasks and recommended funding
levels for each task by fiscal year. Fiscal year 2017 carryover funds are available to initiate the tasks and it is
recommended that execution begin in December 2017. It is intended that tasks 3, 4, 5, and sample
preparation/validation will leverage, to extent possible, other DOE EM and NE projects and activities as
appropriate.



Table 1. Recommended task funding assuming FY17 and FYI18 funds availability

Total Funding FY17 Funding FY18 Funding

Task 1 $700K $300K $400K
Task 2 $700K $300K $400K
Task 3 $750K $300K $450K
Task 4 $1000K $350K $650K
Task 5 $450K $100K $350K
Task 6 $1000K $500K $500K
Project/Task $375K $200K $175K
Coordination &

Integration

Total $4975K $2050K $2925K




Appendix A

INL-SRNL Aluminum Spent Nuclear Fuel Dry Storage
Technical Issues Meeting, October 10, 2017
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Idaho National Laboratory - Savannah River National Laboratory Aluminum Spent
Nuclear Fuel Dry Storage Technical Issues Meeting
Idaho National Laboratory
INL Research Center
2351 N. Boulevard, Conference Room #120
Idaho Falls, ID
October 10, 2017

To join the Meeting:
https://bluejeans.com/505110934

To join via Room System:
Video Conferencing System: bjn.vc -or-199.48.152.152
Meeting ID : 505110934

To join via phone :
1) Dial:
+1.408.740.7256 (United States)
+1.888.240.2560 (US Toll Free)
+1.408.317.9253 (Alternate number)
(see all numbers - http://bluejeans.com/numbers)
2) Enter Conference ID : 505110934

WeICOME ....ovviiiiiieiiiie e Mike Connolly (INL), Lance Lacroix (DOE-ID/NE)

Meeting Objectives........cccevvvevviiiiiiiiieiiieeiieeeeeee, Mike Connolly (INL), Bill Bates (SRNL)

“Behavior/Chemistry of Oxyhydroxide................ Tedd Lister (INL), Kallie Metzger (SRNL)
Layers for the Range of ASNF Fuel Designs and Dry Storage Configurations”

“Resolution of Radiolytic Gas................... Peter Zalupski (INL), Charles Crawford (SRNL)
Generation for ASNF Oxyhydroxide Layers”

Break

“Combined Effect of Episodic.......... Hai Huang/Alex Abboud (INL), Tracy Rudisill (SRNL)
Breathing and Radiolytic Generation of Potentially Corrosive Gases in Sealed and
Vented Systems”

“Performance of Research Test...................... Phil Winston (INL), Mike Dunsmuir (SRNL)
Reactor Fuel in Existing Dry Storage Systems”

Lunch

“Effects of High Temperature ...................... Rebecca Smith (INL), Kallie Metzger (SRNL)
(i.e. greater than 100° C) Drying on the Chemistry and Behavior of Oxyhydroxide
Layers”

Summary/Actions/Path Forward................cc.oeee. Mike Connolly (INL), Bill Bates (SRNL),

Lance Lacroix (DOE-ID/NE)
Summary/Actions/Path Forward................c...oee... Mike Connolly (INL), Bill Bates (SRNL),

Lance Lacroix (DOE-ID/NE)
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“Behavior/Chemistry of
Oxvyhydroxide Layers for a Range of
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Configurations”

Task 1
Behavior/Chemistry of Oxyhydroxide
Layers for a Range of ASNF Fuel Designs
and Dry Storage Configurations

®
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Kallie Metzger Tedd Lister
Bob Sindelar Michael Glazoff
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Problem Statement

Oxide/Oxyhydroxide formation and
evolution is dependent upon
temperature, heat flux, and water
quality. Initial formation occurs
during irradiation and continues
through storage.

* Under what conditions do
oxyhydroxides form and what
are the mechanisms
responsible for continued
growth during pool storage?

* Arethere mochanisrins which -
could degrade aluminum yahasiemdd g1
oxide/oxyhydroxide layers P S S
durins extended dry Stomse? DOF Spert Nadleor Pael Working Croup, “AlumumSlod Spent

Nudleor Puel Techevoal Corsideradions ond Choenpes for
Sxtennded (30 yeans) Ovy Storoge

Intended Outcomes

* Understand behavior of oxides/oxyhydroxide layers
under a set of conditions representative of wet and
dry storage conditions.

* Characterize and test material properties for all oxides
grown in this task.

* Provide defensible bounding thickness and growth
rate of oxide layers depending upon fuel history
(irradiation + storage).

13




Proposed Work Scope

1. Investigate formation and growth kinetics: Hot wall immersion
of Al alloy coupons will provide an opportunity to study the
formation and behavior of oxides/oxyhydroxides under the
influence of variable heat flux, water temperature, and water
quality. Characterization and testing: Formed oxides will be
characterized using XRD, XPS, cross-sectional metallography
and mechanical properties as well as stability of oxide films will
be measured.

2. Follow on tests to address environmental effects: Subsequent
Aging tests can be performed on developed oxide films for a
range of wet storage environments (effects of poor water
quality, etc.). Additionally, behavior of oxides in dry storage will
be tested in order to assess oxide-water chemistry and
possibility for accelerated corrosion including effects of
radiolysis. The influence of film breach on corrosion growth
rates in both wet and dry storage will also be investigated in
this effort.

1. Investigate Formation and Growth Kinetics for Variety of
Operating and Storage Conditions

Identify bounding heat flux and temperature conditions representative of reactor operation
and post-discharge storage.

Select applicable Al alloys for testing and document thermal treatments used in alloy
fabrication.

*Inquiry regarding redevant cumrent fusd inventory may be supported by efforts in tack 4,

Perform heat flux immersion and/or Al anodization experiments on Al alloy sample plates
under controlled conditions to investigate influence of heat flux, water temperature, and
water quality (pH) on oxide/oxyhydroxide formation and structure.

*Addnional 0xides can b grown on Al subrtrates in this stép to supply testing materials for environmantal testing

a3 wells a3 testing required in tasks 2 and S (radiolytic gas generation and drying tests)

Following growth and immersion testing, composition and thickness of oxyhydroxides will be
characterized using a variety of techniques including but not limited to TGA, XRD, XPS, cross
sectional metallography.

Mechanical properties of films will be measured to assess what externally applied forces the
film can withstand before being irreversible disrupted.

Tests will be performed to examine film integrity when presented with stresses (compression,
tension, and torsional) and if oxide film spalling is possible.

*A subset of follow on Immersion tests in willl investigate the influence of breaches, scratches or other oxide film
damage on the performance and behavior of attendant fillm during reactor service and storage

14




2. Follow on tests to address other environmental effects:

Additional immersion tests of laboratory-grown oxides can replicate a variety of wet
storage conditions. (Initialimmersion tests allowed for the formation and growth of
oxides on substrates.)
*This two step experimental process provides an opportunity to study oxade growth as it
redates to formation in reactor and possible transition as it relates to wet storage in wide
ranging water quakity.

Investigation chemical interactions and aging reactions involving water with aluminum
oxides including effects of radiolysis. Will include modeling and experimental efforts to
provide data for both sealed and vented configurations.

*Includes interface task with Topic 2 as well as inform Topic 3 of anticipated gas generation due to
aging. Use conditions identified in Top 3.

This effort will also examine mechanisms for accelerated degradation of aluminum
oxide films and determine environmental conditions required to become active.
(Localized corrosion mechanisms studied may include crevice corrosion, galvanic
corrosion, influence of latent microbial or salt films, and radiolytic influenced
corrosion.)

*This senes of experiments provides an opportunity for conditions identified in task 3
{environmental modeling) to be tested.

Synthesis of Results:

As results of oxide growth characterization and testing become available, a
team will work to resolve kinetics of oxide/oxyhydroxide formation and
behavior.

Formation and behavior models will be delivered to Task 3 team to
support meso-scale modeling efforts.

Stability of phases and potential for degradation will be assessed as it
relates to extended dry storage.

15




Schedule and Cost of Activities

Months 0-2 Identify Al alloys of interest. Identify testing conditions representative of
oxide formation in reactor as well as conditions representative of a
variety of possible wet and dry storage configurations (heat flux,
temperature, water quality, etc.)

75K

Months 2-9 Grow oxides on Al substrates using conditions previously identified. 150K

Months 9-18 Characterize as-formed oxides. Test mechanical properties and stability of 200K
f i oxid

Months 12-18  Subject a collection grown oxides to additional immersion testing to 300K
replicate effects of wet-storage. Investigate corrosion associated with dry
storage conditions (e.g. accelerated galvanic corrosion, etc.). Test oxide
film growth rates following breach of film. Perform follow-on
characterization and testing.

Months 9-18 As results becomes available, synthesize data for oxide/oxyhydroxides 100K
formation and growth kinetics.

Total: 18 months ~825K

* A portion of budget from task 1 can be used to provide as formed oxide specimens to tasks 2and 5

Map of Task 1

Topic 1
Oxide films

%‘w Topic 4

Fuel examination
—
ode
stabilty
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Meshing Task 1 Scope With Other Areas

1) What environments are anticipated in the various designs, storage locations and fuel oge/designs?

Task 3: In order to assess what vill happen to the oxide, a knovdedge of the temperature, humidity and
potential crevice conditions is required. A model that defines possible environments would be an
important feed.

2) What radiolysis products are possible?

Task 2/3: In some cases, such as nitric acid generation, it might be possible to experimentally simulate in
3 non-rad condition, Suggest interface task with Topic 2 where effects of radiolysis are tested

3) What is the starting condition of fuel?

Task 4/5: What are the anticipated starting conditions of fuel cladding and can it be simulated? Will have
to rely on existing data/observations. What are the anticipated water carryover after drying which can
participate in reaction?

4) What physical damage history might fuel accumulate during lifetime?

Task 4: While moving fuel to dry storage should be done with minimal damage, there is p ial for
mechanical stress placed on the oxide films during emplacement. This could occur through skding,
rubbing, vibration, knocking and weight load. Another area that will rely on historic datafobservations.
PIE performed in Task 4 may also be a verification tool for oxide formation observed in Task 1.

**¢additionally, oxides grown on Al alloy coupons in task 1can be used for testing radiolytic gas
generation in task 2 as well as dehydration testing (TGA, drying demo) in task 5.

Discussion?
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Hot Wall Apparatus

Task 2

“Resolution of Radiolytic Gas
Generation for ASNF

Oxyhydroxide (OHO) Layers”
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Aluminum Clad SNF: Knowledge Gaps and
Technical Needs

Task 2: Resolution of Radiolytic Gas Generation for
ASNF Oxyhydroxide (OHO) Layers

Gregory P. Horne, INL: 6 years of experimental and computational radiation
chemistry research experience

Peter Zalupski, INL: 16 years of experience in radiochemistry, solution chemistry,
thermodynamic equilibria, and applied radiation chemistry at the back end of the
nuclear fuel cycle

Charles Crawford, SRNL: 20 years of experience in experimental radiation
chemistry pertaining to radioactive waste systems at SRS

Christopher Verst, SRNL: 5 years of experience in spent fuel characterization,
radiation damage, and aging management of fuel disposition facilities

C}N_me National Loboratory ,.S....B..,..Nu..!.'.,

Problem Statement

Radiolytic generation of gases!'2) from solid and gaseous sources presents

potential challenges for the long term storage of ASNF (>50 years) in the
form of: pressurization,® depressurization, formation of flammable gas
mixtures,'2 embrittlement,'¥ and chemical corrosion.55

Research Questions
What are the important radiolytic species produced in sealed and vented
ASNF container configurations, and what are their generation rates as a
function of storage conditions?

Will the experimental radiolysis measurements confirm the existing literature
data,7# supplement it and validate the predicted radiation-induced
chemical equilibria?

(1) Watman, R Radiolysis Model Senstraty Analysss for o Used Fusl Storage Canister. FCRDUFD-2013-000057. 2013

2) Waeman R S Hanson, B0 Radolysis Model Anatysis for 3 Used Fusl Storage Canster. IHLRYM. 2015

) ?:"1 B Coln. M Dutioy. A Pressure Buiding Dunng the Early States of Gas Production in 3 Radicactree Waste Repostory. J Nuct Mater . 2000,
200, -4

@) Gonglof, R P Somerday, B P Gosacus Hydrogen Embettiement of Materasls in Ensrgy Technologms. Volume 1 - the Problem, ¢3 Charactenzation
and Efects on Paticulyr Aloy Classes. Elsraer New York, 2012

B) Km Y. S Hofman G L. Robnzon A B Snelgrove. J L Haran N Qiodation of Alymirium Aoy Cladding for Research and Test Reactor Fuel. J
Nuct Mot 2008, 378, 220228

%) Comomon of Research Reactor Alumnum Clad Spent Nuclear Fusl n Water WEA-TECDOC-1637, 2009

@) Lam PS . Sndelw, RL . Peacock HB & Vapor Comomon of Aymirum Claddng Aloys and Alumnum-Ursrium Fusl Materals in Storage
Emvonments (U). WSRC-TR-67-0120

@) Fisher DL Westtrook, ML ; Sndelyr, R L Test Resuls fom Gamma iradation of Alymirum Oxytrydrondes. SRNL-STI-201100602 2
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Radiolytic Generation and Consumption of Aluminum
OHOs and Associated Production of Corrosive Gases
from Aluminum Alloys

Global Research Approach:

Parameter Matnx and wIrradiation and Rad:orysstd‘d/on/
Radiolysis Test Setup Gas Measurements Valids

- Impact of Al OHO layers on radiolytic gas generation will be developed by
i evaluatmg their effects on the established radiolysis model.

: Depending on in-canister conditions (atmosphere, temperature, pressure, layer
1 build-up) the model will be re-evaluated to generate a multi-dimensional
i understandlng of radiolytic processes.

A——

Proposed Research Plan
Experimental Parameter Matrix and Radiolysis Testing Setup

+ Construct radiolysis test condition matrix based
on literature and estimated storage conditions
based on 4 parameters: temperature,
He,/Air/Moisture in-canister atmosphere, and
OHO thickness (input from Tasks 1,3,5).

« Develop reliable methods for atmosphere control
and measurement of gas phase composition
changes due to deposition of energy from
radioactive decay.

Gas Manifold Gas Chromatographey Co-60 Gamena Sources
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Proposed Research Plan
wIrradiation and Gas Measurements

+ Gamma irradiation of flame sealed vials / Parr vessels
containing controlled gas / water vapor mixtures composition
as a function of parameter matrix.

+ Analyses for complete gas composition using gas
chromatography (GC) techniques for baseline and
confirmatory G-values of potential container gases.

+ Gamma irradiation / GC analyses of vials / vessels containing
aluminum coupons with / without oxyhydroxide films to
estimate effects of materials on radiolytic gas production rates
(calculation of G-values, dose-yield curves as a function of test
parameters).

21

Proposed Research Plan
Radiolysis Prediction / Validation

+ Experimental results will be predicted using previously developed
multi-scale kinetic equilibrium set.? The derived radiolytic degradation
rates and gas compositions will be verified by follow-on irradiation

studies.

grown specimens (Task 1) will undergo high
dose radiolysis testing to ensure consistent,
predictable behavior for conditions selected
to match PIE candidates (Task 4).

« Irradiated coupons will be available for S (40 pm L
structural studies, surface chemistry studies  corosonstenestrecude oy inatoon

found after 12 wosk @xp0%ure 10 gamma
(Task 1 ). radiation fiekd of 1.3 MR/Pe, at 100 %
Pamicity at 200°C. WSRC.TR-97.0120.7

+ Well characterized Gibbsite/Boehmite
samples formulated to exemplify reactor
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Outcomes

+ Radiolytic yields (G-values) and concentration dependencies for
potentially problematic and corrosive gases (e.g. H, and NO,) as a
function of all key parameters influencing radiolytic gas generation.

+ Impact of radiolytic damage on aluminum alloys when results
interfaced with Task 1.

+ Predictive indication of radiolytic corrosion of Al clad if results
correlated to structural studies.

+ A predicting multi-scale kinetic tool, providing quantitative mechanistic
insight into the in-cask radiation chemistry of ASNF, which can be used
as a component of multi-physics computational fluid dynamics

modeling effort (Task 3).

23

Subtask 2 Network

Topic 1: Oxide

Films

Samples,
Surface
Chemistry Irradiated
Samples
Literature Knowledge In-Canister
: Conditions Topics 3,5:
Topic 2: —— Environment

WSRC-TR-97-0120
RadiolyticGas Estimates and

Generation — Modelling
Reaction
Thermodynamic/

Kinetic Data
Validation

Topic4: Fuel

IAEA-TECDOC-1637
SRNL-STI-2011-00602
HNF-SD-SNF-CN-006

Examination
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Current Relevant ASNF Knowledge

» Thermal and chemical corrosion of ASNF is well understood, %8 as
demonstrated by the IAEA Corrosion of Research Reactor
Aluminium Clad Spent Nuclear Fuel in Water global study.®

+ Radiation induced corrosion and accompanied gas generation is less
understood for the ASNF system as a whole, i.e. combined radiolytic
effects and interactions between solid and gaseous phases.

+ Previous irradiation studies have focused on various components of
the problem, although the insight provided is critical to understand the
problem as a whole.®12)

@) KmY S. Homoan G L. Rotinscn A B. Sneigrove, J L. Hanan N Coddation of Alymirium Aoy Claddng or Research and TestReackhr Fuel J Noct M, 2008,
378, 220228

%) Comosion ofRese Reactoe S Nudear Fuel n Water REA-TECDOC-1637, 2009

@) R S C.LIWNMI J A RaBlsis ofWater M Auminum Onide Sumaces Rea Prys Cram, 2017, 131, 45.50

(10) Naamura R Bhman M Yasuda M Nakgima M Aomic Rearangement n #4:0, under Blectron-B. JAogd Prys, 2013, 113064312
064317

(1) Kaomsey, ) A Esmouf. 5. Owand, 0. Save, D Foy. E. Renauit J-P R : Evertz n edANrIUm 0e. J Phys Chem C, 2017, 121, 602
6373

(12) Weanook M. L. Snoelar R L Fahar 0. L Radotic Hpsrogen G from Auminum Ough, Sctizs: Theory andExparment J Rasoasa Mgt Csﬁf’
2015 303 8186

Sources - Radiolysis of Canister Environment
Gas

+ Irradiation of non-inert backfilled casks leads to the formation of a variety of
gaseous species, the suite of which is dependent upon the composition of
the incident gas mixture and environmental parameters, e.g. radiation
quality (type and energy of radiation species), humidity, temperature, and
sealed or open systems.

+ For moist air (~78% N,, 21% O,, 1% CO, and other gases), the key radiolytic
products of concern are OHe, e~, He, Hy, H,0,, NO,, and HNO,.('*17)

Water Radiolysis
H,0 = e, H', "OH, Hj, H,0,, H
Nitric Acid Radiolysis
HNO; ~ HNO;* — HOONO, NOj', HNO,, e", H", O, H,*

(13) Etnot, A Bartels, DM, AECL Nociear Platform Ressarch and Development - Report 183-127160-250-007. 2009

(M) Hu T A lmproved Model for Hydrogen Generstion Rate of Radioactres Waste o me Handord Ste Mool Tech 2012, 178, 39-54

(15) Morco R P _Joseph J M _Hal, 0. S Medn, C. Shoesmith 0. W _Wren C_J Modelng of R Prod, of O, Relrart to Comomon of 3
Usad Fusl Comtaner n Deep Geologeal Repostory Emvronments Corns. Eng. S h:ﬁ an?, 5Q “147

(16) Kekh, T Zhocus. R Formation of Ninc Aod Durng High Gamma Dose Radation. VIT-RQ0774-11, 2011

(17) Etch, Y. Karasawo, H_Me. £ Sokagam, M Yamuds, T Radiolysis of NrH:0 Systeme J. Nucl Sa Tech 1987 24, 672674 26

24



Sources - Radiolysis of Oxyhydroxides

« Irradiation of the ASNF surface will also contribute to the formation of
radiolytic species, some of which will be gaseous in nature.(10.12.18-21)

« Oxyhydroxides grow on ASNF as a consequence of corrosion
processes in the presence of aqueous solutions and/or water vapor.
The resulting mineral phases are dependent on a number of
conditions, e.g. temperature, coolant quality and pH.

+ These mineral phases have been shown to generate H, and be
consumed in the process to the extent of aluminum metal formation,
thereby providing an additional highly reactive surface.(12.18)

(10) Naxamura R BRman W Yasuaa, M Naagima H Aomic Reamangement n Amophous 4:0, under Eletion-Beaminasiaton J Aogl Atys, 2013 113 064312
064317

(12) Weanook N L Snoslar R L Fahar D L RaGoe Hprogen Canaration rom Auminum Ouhipdroesde Soiss Thedrs andExpanment J Radcasa’ ot Caon
2015, 300, 3190

(18) Re?. 5 C. Lavems J A Ragoheis of Water mh Auminum Oodde Sufaces. Rad Phys Chem, 2017, 131, 85-20

(19) NicGaeve B H Thomas J K Reaons of ENCYons on e Sutas of ¢ AL, A PublieRaohic Sy wih 0.4 WV ENcrons J Atys Cnem 8 2000, 107,
1190711910

20) Sano 8. Yamamon, T. A Fuimato, R Hashimoto, K. Katsura M, Ouda, 8. Owtiu K Oshima R Hyarogan Exlsson Yom wWasr DG parsing Nancpancoes
Imasyed with CammaRytste ENect ndDose Rate ENect Sor Mater, 2001, 44, 17081712

1) Yomamcto, T A Seimo, 5. Katsura N Oktzy, K. Oshima, R Nagaty, V. Hydropen GasE FomAnminy S w.rlsurewnﬂmrnaoawnﬁ'z-,
Ray. Nasosruct Mater, 1999, 12, 10451048

Activities and Schedule

« Task 1. Comprehensive evaluation of literature.

« Task 2: Experimental design: irradiation vessels, atmosphere control,
temperature control, pressure control, Al coupon diversity

« Task 3: Baseline y-irradiations / gas production analyses

« Task 4: Development of radiolysis equilibrium set

» Task 5: y-irradiations / gas production analyses — corroded Al clad
+ Task 6: Revision of radiolysis equilibrium set

Task Q1 Q2 Q3 Q4 Qs Q6 )
1 X 20k
2 X X 80k
3 X X X 160k
< X X X X 40k
5 X X X 160k
6 X 40k
$ 60k 120k 60k 80k 100k 80k 500k Total
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Task 3

“Combined Effect of Episodic
Breathing and Radiolytic
Generation of Potentially Corrosive
Gases in Sealed and Vented
Systems”

Task 3:Combined Effect of Episodic Breathing
and Radiolytic Generation of Potentially
Corrosive Gases in Sealed and Vented Systems

Points of Contact
Hai Huang (INL)
‘ Alex Abbond (INL)
SRNL Tracy Rudisill (SRNL) choNoforeIsbomry
Kallie Metzger (SRNL)
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Problem Statement

What are the coupled effects of episodic breathing and the radiolytic
production of corrosive gases in both vented and sealed storage systems?

-~ Existing models for in-canister radiolytic generation of corrosive gases:

¢ Treated as homogenous batch reactors:
- Equilibrum/Mnesc,
= Nonknesr ODEs as functions of dose rate, G-values, temperature, humidey, gas concentrations etc.,
= NOrigorous coupling BRtween §as phise, Condensed water phase and metal surfaces.

—~ Exchanges of reactants/products, moisture and heat for vented/unsealed system
via episodic breathing will:
* Shift the reaction equilibrium and pathways in both filling gas and Al oxyhydroxide layers;

* Affect the spatial/temporal distributions of in-canister temperature, gas concentrations, humidity,
which are important environmental constrains;

* The couplingeffects are largely unknown.
- Need multiscale multiphysics models that couple together:
* Canister-scale gas phase transport of heat and mass;
* radiolytic gas production kinetics of Al oxyhydroxide layer and air
- Predict the gas phase concentration and the condensed phase water chemistry for
aluminum-clad fuel in sealed and open systems
— development of the protocol for water vapor and cover gas compositions used in
capsule irradiation experiments
— Model validations

Proposed Modeling Effort —=Phased Approach

* Determine storage system conditions pertinent to radiolysis production rates:
= Identify range of humidity, ambient temperature, and salinity based on diurnal/annual
changes at relevant storage locations
— Generate radiative heat source terms as a function of fuel type, configuration, and
burnup/coaling time
— Estimate dose rate, and possibly establish lower/upper bounds
— Identify corrosive species of interest and bounding moist air radiolytic generation rates
from literature
- Assess likelihood of condensate formation withinthe overpack and its relative impact on
canister corrosion rates
*  Make use of extensive radiolysis kinetic modeling efforts for other applications:

= Many gas phase reactions and G-values will be the same as typically used for atmospheric
chemistry, gas treatment applications, and radiolysis of steam in nuclear power plants

= Radiolysis model analysis for commercial used fuel storage canister (Wittman and Hanson, PNNL)
= Other sources of data?
* Handling chemical reactions:
= Identify major & rate-limiting radiolysis reactions
- Ide:\tifv reactions that can be ignored or modeled at equilibrium for the interested storage time
scales
= Formulate the film reactions into surface reactions
* Add data from aluminum oxyhydroxide radiolysis experiments as it becomes
available
* Use gasgeneration model as the internal source term for a multiphysics
computational fluid dynamics (CFD) models for vented storage canister
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Proposed Modeling Plan — Multiscale, Multlphysms

e G}m«u—

s BRI

[

Lu i EL

— - Q
St O e §
Sucywecy Sow n ot
Fuel Plate Scale: Bucket-Canister Scale CFD Model: Storage facility scale CFD Model:
*  Gapsare 2 mm wide, but * Apply previous simulations to ends of the fuel * Apply previous simulations as heat
12446 m long plate channels to reduce cost or fully resolve source conditions on canisters, as well

Unillcly to have imegular flow
patterns.

Weilize 10 mwlticomponent
mass transfer model coupled
with heat transfor and surface

.

plates at high compurational burden

CFO model for escaping /intaking gas species,
local concentrations and budant recirculation,
Apply resobeed heat flux from fuel plltes

Run over range of ithvity 3 ibl

.

a6 macs sinks/sources of species

Vary inflow conditions for testing
different cases

Try fully coupled co-simulation (facility
back to bucket) for some regions for

reactions and tabulate or curve fir better fidelity

¢ Solve simple model over wide * Provide more sclentific foundstions
range of conditions, tabulate for planning storage schemes
results and/or create fitted * Provide 3 valuable risk/performance
function for implementation aasessment tool for storage facility
at next stage

Expected Outcome from Investigation

» Definition of range of storage conditions to guide Task 2
experimental program

* Model to predict gas generation in sealed storage containers as a
function of appropriate variables (fuel geometry, burnup/cooling
time, covergas, extent of corrosion, filling gas compositions,
temperature, humidity etc.)

* Model which couples gas generation with episodic breathing of
vented storage canister

* Comprehensive understanding of the effects of episodic breathing
on storage

* Predictive capability to guide and supplement future radiolysis
experiments

* Predictive capability to guide storage facility designs and support
facility risk/performance assesment
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Interconnections with Other Tasks

Topicl e
* Chemistry of Al ""-”TO ic3
oxyhydraxides P Topic4
* Major reactions and [PIOU— * Performance of existing
kinetics . ol ASNF dry storage systems
O Fuel decay heat
;’ {nearflong term)
| O Doserates (nearflong
‘ term)
| -~ ....._....... O Air temperature
\ Q  Air humidity
\ Q Alr flow rate
Q Initial conditions
\ SR Q Facility boundary
Topic2 conditions
* Radiolysis chemistry of Al
oxyhydraxides ——
* Radiolysis chemistry of air, Model validations via controlled
G-values
sMrrasclinand expel:lmenfsand monitoring
kinetics kinetics data in Topics 2,3 and 4
Cost and Schedule

* 18 month duration assumed

Determine Storage System Conditions (0.25 FTE)
Develop Gas Phase Model (1 FTE)

Add data from Al Oxyhydroxide Experiments (1 FTE)
Develop Vented Canister Model (1 FTE)
Demonstrate Predictive Capability (0.25 FTE)
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Backup slides

Multi-scale Model

* Couple different scales of the system

Start 1-way coupled
Both temporally and spatially
Simplest mode| at fuel plate channels

ATRE bucket simulation using fuel plate channel approximations in
combination with surface chemistry

Facility simulation using heat sources and mass sources/sinks from
conditions in bucket/canister simulation

* Reduced Order Mechanism (ROM) for radiclysis reactions

Over 100 reactions/species creates too many PDEs to resolve
ROM for most important, reduce cost

Identify time-scale separations, rate-controlled constrained
equilibrium (RCCE resolves some reactions, assume others always at
equilibrium) or similar approach
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Topic 3 Some Research Questions

* What are detailed temperate field (and spatial-temporal
evolutions) inside and outside canisters), under episodic
breathing conditions

* What are detailed water vapor concentration field (and
spatial-temporal evolutions) inside and outside of canisters

* What are the detailed concentration fields of H2, 02, N2
and other radiolytically generated corrosive products such
as HNO3, CO, N20, and NO2 inside and outside canisters;
predicting the gas species concentrations over extended
period of storage time

* Amount of the condensed water and spatial-temporal
evolutions on the surfaces of carbon steel canister and
aluminum-claddings

Multi-scale Model

* Couple different scales of the system

Start 1-way coupled
Both temporally and spatially
Simplest mode| at fuel plate channels

ATRE bucket simulation using fuel plate channel approximations in
combination with surface chemistry

Facility simulation using heat sources and mass sources/sinks from
conditions in bucket/canister simulation

* Reduced Order Mechanism (ROM) for radiclysis reactions

Over 100 reactions/species creates too many PDEs to resolve
ROM for most important, reduce cost

Identify time-scale separations, rate-controlled constrained
equilibrium (RCCE resolves some reactions, assume others always at
equilibrium) or similar approach
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Fuel Plate Scale
Gaps are 2 mm wide, but 1.2446 m long
Unlikely to have irregular flow patterns

Utilize 1D multicomponent mass transfer model coupled with heat transfer and surface
reactions (possibly Relap?)

Solve simple model over wide range of conditions, tabulate results and/or create fitted
function for implementation at next stage

............

Bucket/Canister Scale

Apply previous simulationsto end of the fuel plate channels to reduce cost or fully
resolve plates at high computational burden

CFD model for escaping gas species, local concentrations and buoyantrecirculation,
apply resolved heat flux from fuel plates

Run over range of sensitivity conditions possible and tabulate or curve fit

Apply 1D solution at

channel ends '_ Species mass fluxes at lid

Resolve major
surface reactions
along sides

Resolved CFD for buoyan

: flow in canister
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Facility Scale

* Apply previous simulations as heat source conditions on canisters, as well as mass
sinks/sources of species
* Vary inflow conditions for testing different cases
*  Try fully coupled co-simulation (facility back to bucket) for some regions that may
give bad conditionsfor better fidelity
=T i o AlF flow

. f:ﬂswumé

Species mass flux at canister lid

Air flow
out

i

B

—— Fam ...,_.';,,._,,_..._

Task 4

“Performance of Research Test
Reactor Fuel in Existing Dry Storage
Systems”
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Task 4
Performance of Research Test
Reactor Fuel in Existing Dry Storage
System

@ |
SRNL 1!!;
Mike Dunsmuir Phil Winston
Luke Olson
Tedd’s Map

Topic 2
Radiolysis

Topic 3

E""'y Environment/WP
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Slide from September 2000

The idaho National Engineering and Environmental Laboratory

Storage Concerns

Reactive Heat

I

v
Pressurization »
[ l ‘ A 4
Loss of Loss of
Configuration Containment
: :
Environmental
Criticality Release

SRS Candidates for Dry Storage

RANA: (1) 55 Gallon 7A

(Plates) LEU U;Si,
- —n~

Mound: (8) 30 gallon 6M/2R m
(Plates) HEU, U-Al alloy -
i KAPL TTR: (16) 55 gallon SM/EZR

(Discs) HEU U-Al alloy

UWNR: (1) 85 gallon 6M/2R
(Plates) HEU U-Al alloy

PNNL: (11) 55 gallon6L/2R
(Rods) HEU U-Al alloy
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SRS Fuel Candidates for Dry Storage
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Characterization of Candidate Fuel

* Characterization of selected ASNF
assemblies:

* Formed oxides will be characterized
using XRD, XPS, and cross-sectional
metallography.

* Fuel physical condition (e.g. extent of
damage) will be characterized for
distortion from design, area of
breach, etc.

* The selected ASNF assemblies will be »
based on

= fuel design,
= burn-up,
- time in reactor,

= time of wet storage and storage
conditions,

= drying conditions,
dry storage conditicns, handling
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Existing Dry Storage for Research
Reactor Fuel--CP%603 IFSF

* Commissioned 1974, |
designed to store Ft. St.
Vrain HTGR fuel

* 636 canister positions

* 18” diameter x 11’ long

* Canisters suspended in
steel framework

* Cooling air flows
through framework

CPP-603 IFSF Dry Storage Operations

LOAD BUCKETS UNDERWATER
TRANSFER BUCKETS TO DRY FUEL HANDLING . At
CAVE . /

LOAD BUCKETS INTO CANISTERIN DRYING
STATION

HEATED VACUUM DRY

PUT BUCKETS INTO STORAGE CANISTER
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IFSF Storage Canister

* CAN-GSF-276 Storage Canister

— Nominal Contents 3 buckets, 2 ATR, 1 HFBR,
MURR, MTR

— Lid-to-body interface is metal to metal, no O-ring
or gasket

FUEL BUCKET

HFBR Shown ~ 28" high
— 6 element positions

ATR Bucket ~50” high

— 6 and 8 position in service
Constructed of 304L SS

Not used in wet storage,
only transfer and dry
storage

38




Wet Stored Al Fuel Moved to Dry

* Stored in cans in water containing minimum
80 ppm chloride

* From Underwater Video Inspection during
transfers
— Generally appears intact

— Small white puffs of corrosion

» Assume original oxide displaced at these locations
during handling

Wet Stored Fuel Moved to Dry
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Wet Stored Fuel Moved to Dry

Wet Stored Fuel Moved to Dry
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Wet Stored Fuel Moved to Dry

Wet Stored Fuel Moved to Dry
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Wet Stored Fuel Moved to Dry

Topic Areas

» 3. Combined effect of episodic breathing and radiolytic
generation of potentially corrosive gases in sealed and
vented systems

— Determine if significant seasonal or diurnal temperature
changes create a free-standing condensed phase of water

* Determine degree of breathing
* Measure headspace relative humidity
* 4, Performance of research reactor fuel in existing dry
storage systems
— Visual exam of exposed surfaces
— Acquisition of representative sample for chemical and
phase analysis
— Baseline chemical and phase analysis from end boxes
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Joint Characterization of Items 3 and 4

* Unless you know the conditions under which the

fuel is stored, the data from PIE on oxide layers
has limited value

So— Prior to opening up a canister of stored fuel,
careful acquisition of samples of the canister
atmosphere will provide data on the prevailing
relative humidity, as well as the degree of
isolation that the lid provides to resist breathing
during pressure and temperature changes

Proposed Approach for Items 3 and 4

Construct instrumented (R, T) canister overpack that can be sealed
and sampled for headspace composition

— Stagein 24" cave well in Fuel Handling Cave

Identify example canisters with;:

— Selected burnup

— Known wet storage condition

Place canister in overpack and backfill with dry argon
Allow caleulated time to elapse for equilibration
Measure temperature, pressure, radiation field

Acquire canister headspace sample series to verify equilibration
rate

— Optional: Pull a hard vacuum on the overpack to evacuate the canister
Analyze sample for relative humidity and hydrogen
Measure temperature and radiation field of canister
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Item 3 Characterization

Isolation in insulated overpack with temperature probe

Measurement of change of overpack fill gas
composition with temperature indicates breathing rate
through canister lid-body interface

Measurement of gas sample from complete evacuation
of overpack void volume gives indication of total water
and hydrogen retained in canister

Repeat of test after fuel samples (assume return to

storage area for 1 yr) taken would identify variability in
headspace composition

Fuel Sample Acquisition

Remove canister from overpack ——

Remove basket N 3 IFSF Fuel
\"'*/ Storage

Evaluate apparent structural Canister

condition for handling At

Visually inspect exposed surfaces /t'§

of fuel assemblies kT

Identify areas where side plate T

samples could be acquired BT

Use minimally-affecting cutting Isolation

technique to acquire samples Overpack

(Low speed milling, sawing for Vacuum,

low temperature affect) Backfll

Transfer samples to lab for i

surface oxide thickness and phase
characterization
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Time and Resource Commitment

Headspace Sam pling

Design of Overpack
— 1 svructural, 1 mechanical, 1 instrumentation engineer, 1 drafter, checker
— 400 hrs enginesring, 80 documentation Total Time 3 months
Subcontract fab cost 5100,000; & month lead time
IFSF Safety Basis Update
— 1 Safety analyst 200 hrs, Reviewers 200 hrs
— 3 month approval cycle, Total Time & months
Deployment 1 facility engineer, 2 operators 50 Test, 120 hrs
— Installation: 2 mechanics, 4 RCTs, 2 electriclans, 2 operators;
—  Totaltime 2 manths
Implamentation
= Procedure Development, 1 writer 40 hrs, Training 20 hrs, Operators 40 hrs 1 month
Performance, Engineer, 2 operators, 2 month
— Gaszample transfers, 1 month
— Gasanalysis 3 months, 575k
Total Time 2 years

Time and Resource Commitment Fuel
Sample Acquisition

Dezign In-Cell Wil

= 1 mechanical, 1 electrical engineer 120 hrs,

= Equipment Purchase 57500

= Machinist Mads 160 hrs

= Mockup Testing |4 Operators 120 hrs) Total Time: 3 months
Deployment

— 1 Operators, 1 Mechanie, 1 Machinist, 1 electrician, 4 RCTs, 120 hrs 1 month

—  Testing 2 operators, 1 machinist, 1 engineer 80 hrs Total Time: 2 months
Sample Acquisition

= 2 operators, 1 machinist 1 engineer 120 howrs Total Time: 1 Manth
Sample Transfer

— Sample Characterization: gamma spec 1 Physicist 60 hrs 1 months

— Lask se:;acrlan: [AssurmeGEL00) 1 Packaging & Transportation, 2 facllity englneers Total Time
1 Mant

= Transportation Plan Confirmation PAT Review 1 Month
= Handling Procedure: Writer, Operator, Foreman 80 hours, Total Time 1 Month
= Receipt at HFEF/EML 2 technicians 20 hours

Totaltime 12 months
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Canister Monitor 2000

Canister Monitoring

Development of a remote wireless instrumentation
package for canisters stored in dry Irradiated Fuel Storage
Facility (IFSF).

Measures Relative Humidity, H,, Temperature, Radiation
Field (Focus is corrosion and radiolysis)

Detectors in shielded compartment on canister lid.
Penetration in lid to allow gas circulation and direct
radiation monitoring

Prototype to be fielded FY-2000 in Collaboration with
University of Idaho.

Built of as much off-the-shelf commercially-available
technology as possible.
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Canister Monitoring

* Gas sensors: Analog metal oxide
conductance/capacitance

* Radiation sensor: Miniature Geiger Mueller tube
+ Temperature sensor: Digital -25 to 125 C
» Radio Transmitter: 450 MHz Nominal 600 ft range.

* On-board memory: 128K EEPROM (Weekly data for
2 years)--Data retained on-board in the event of
battery failure or loss of radio link

* Power source: Lithium batteries. Adaptable to
solar cell.

Characterization of Candidate Fuel

Identification of range of ASNF designs including fuel core material, enrichment, cladding
composition, physical design; in-core, and post-discharge storage histories.
*This inventory assessment can be used 10 inform selection of materials an
tasks 1,2, and 5

Characterization of fuel condition. Advanced PIE should include compositional and dimensional
analysis of the dadding and formed oxide/oxyhydradde layers and structure. Techniques include
but are not limited to: cross sectional metallography, XRD, XPS, oxide stability mechanical testing,
ultrasonic measurement, BET surface analysis, etc.

Measurements of fuel dimensions (distortions from design) and breach areas using techniques
identified above.

Constructionof a reference (“bounding”) MTR design (based on composite of ATR design, MIT
design, etc.) and of a reference degraded MTR fuel conditions; and of a nominal HFIR; and of a
nominal pin fuel design, etc.

SLMETE OF Qi B/0xyPracr 03330 Irertony 10 Suppont Sale extended dry
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Task 5

“Effects of High Temperature

(>100° C) Drying on the Chemistry
and Behavior of
Oxide/Oxyhydroxide Layers”

Task 5
Effects of High Temperature (> 100°C)
Drying on the Chemistry and Behavior of
Oxide/Oxyhydroxide Layers

@ J
SRNL M’b'
Kallie Metzger Rebecca Smith

Dennis Vinson

48




Problem Statement

1, 1. ¢ of lod ro—

“Optimol conister design and drying operotion

becomes wnpatantroensuree?f«rmgrymg :“5:.]“[ [T . —

becouse the benefits of 'I'he hlqh’ heot content of

commercial SNF is not the case for ASNF. .....:..... *1 [ [roea] aves |
L) 1Q OPEraiion sNOWIa ensure minima: m

cxsidual motstyrs... The oxyhydroude fims on ) | |

ASNF contain chemicolly bound water thot moy =

result in odditionol water vopor dissocioted ot = -

high temperotures and/or rodiolytic gos S etion | Moredemreconesem)

generotion under storoge ond disposal L L S S

COI'd)fbl)S.' 00 400 90 00 TR B30 200 W00 M08 1200 1300 WM K

(K Welers & C Muia, Licoa Techwical Paper No 15, 1987)
*  What are availabl:

pi or
chemically bound water in the form of
oxyhydroxides to ensure safe extended dry
storage?

*  Moreover, what are the effects of high
temperature drying on the behavior and
stability of oxides/oxyhydroxides?

Instrumented drying system

Intended Outcomes

Explore thermal treatments for removal of adsorbed
water in the form of oxyhydroxides on ASNF.

Assess thermal stability of oxides/oxyhydroxides as
related to drying and extended dry storage (temperature
in geologic repository).

Demonstrate removal process on mini fuel plates using
adapted drying technologies.

Evaluate feasibility of heated canister drying.
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Proposed Work Scope

1. Evaluate small scale dehydration of oxyhydroxide films:
Oxides/oxyhydroxides grown on Al cladding alloy coupons in
task 1 will be subjected to TGA to investigate the stability,
decomposition, and transition behavior and kinetics of films.

2. Provide drying demonstration: Test thermal conditions
identified in TGA testing to demonstrate drying capabilities for
removal of oxyhydroxides.

1. Evaluate Small-Scale Dehydration of Oxyhydroxide Films

= Perform thorough literature review to identify documented transition and
decomposition temperature ranges which will inform testing procedures
and conditions.

- Select applicable Al alloys for testing and document thermal treatments
used in alloy fabrication.

*Il‘u’;uuy regarding relevant current fuel inventory may be supported by efforts in task
4. Task 1 may also provide suitable samples for testing in the form of oxide films on Al
substrates

= Differential thermal analysis (DTA) and Thermal Gravimetric Analysis (TGA)
will be used to explore the kinetics and range of thermal decomposition
for a diverse and bounding set of laboratory grown oxyhydroxide films and
research grade Al oxide powders.

= Results can be used to develop a drying removal procedure for Al SNF—to
be tested in demo portion of task 5.
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2. Provide Scaled-Up Drying Demonstration

~  Plan tests for scaled-up drying using forced gas dehydration technology
and/or throttled heated gas vacuum drying technology.

*Thermal analysis results from TGA tests will be used to determine temperatures and
conditions required for adsorbed water removal. Scaled-up demonstrationwill provide
necessary proof of concept for observed transition and decomposition behavior.

- Grow oxyhydroxide films on a series of mini plates to develop a collection
of diverse samples for scaled-up drying tests.

= Test successful thermal removal procedures previously identified in a
series of tests on mini plate specimens with both vacuum and forced
circulation drying methods.

Meshing Task 5 Scope With Other Areas

*  Oxides grown on Al cladding alloy coupons in task 1 can be used for dehydration
testing (TGA, drying demo) in task 5

* Task 4 examination and PIE of fuel provides current conditions of oxides in storage.
This provides a bounding inventory of oxide/oxyhydroxides

Supplies samples in the
form of owide filws on Al Task 1
cladding alloy substrates as

for drying tests. Oxide Films

Task S:
Effect of High
Temperature Drying

Task 4
Fuel Examination

Provides guidance
regarding current irventory
of oxides on ASNF.
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Schedule and Cost of Activities

Months 0-3

Identify Al cladding alloys of interest as well as oxides/oxyhydroxides
films, powders needed for drying tests. Leverage efforts in task 1 and 4.

Subject films grown on substrates to thermal testing in the form of
TGA/DTA. Document decomposition and transition behavior, resolve
kinetics,

Months 3-12

Develop Al cladding alloy mini plates with oxide/oxyhydroxide films for
drying demonstration and testing.

Months 1-12

Develop a system to perform scaled-up drying demonstration.

*Budget will be refieved if the project modifies an existing
drying facility rather than constructs a new one.

Months 12-18

Successful thermal removal temperature/time conditions identified
earlier in this task will be tested in a series of drying experiments on mini
fuel plates with vacuum and forced circulation drying methods.

Total: 18 months

~900 K

Discussion?
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Do we need anything
here?

53




	3919

